Rolf Gleiter, Henning Hopf (Eds.)

Modern Cyclophane Chemistry

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA






Innodata
File Attachment
3527604634.jpg





Rolf Gleiter, Henning Hopf (Eds.)
Modern Cyclophane Chemistry



Further Titles of Interest:

N. Krause, A.S.K. Hashmi (Eds.)

Modern Allene Chemistry

Two Volumes

2004, ISBN 3-527-30671-4

R. Mahrwald (Ed.)

Modern Aldol Reactions
Two Volumes

2004, ISBN 3-527-30714-1

T. Takeda (Ed.)

Modern Carbonyl Olefination
Methods and Applications

2004, ISBN 3-527-30634-X

D. Astruc (Ed.)

Modern Arene Chemistry
Concepts, Synthesis, and Applications

2002, I1SBN 3-527-30489-4



Rolf Gleiter, Henning Hopf (Eds.)

Modern Cyclophane Chemistry

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



Professor Dr. Rolf Gleiter

Institute of Organic Chemistry
University of Heidelberg

Im Neuenheimer Feld 270
69120 Heidelberg

Germany

Professor Dr. Henning Hopf
Institute of Organic Chemistry
Technical University of Braunschweig
Hagenring 30

38106 Braunschweig

Germany

This book was carefully produced. Nevertheless, au-
thors, editors and publisher do not warrant the in-
formation contained therein to be free of errors.
Readers are advised to keep in mind that state-
ments, data, illustrations, procedural details or
other items may inadvertently be inaccurate.

Library of Congress Card No.: applied for
A catalogue record for this book is available from
the British Library.

Bibliographic information published

by Die Deutsche Bibliothek

Die Deutsche Bibliothek lists this publication
in the Deutsche Nationalbibliografie; detailed
bibliographic data is available in the Internet at

<http://dnb.ddb.de>.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

All rights reserved (including those of translation
in other languages). No part of this book may be
reproduced in any form — by photoprinting, micro-
film, or any other means — nor transmitted or
translated into machine language without written
permission from the publishers. Registered names,
trademarks, etc. used in this book, even when not
specifically marked as such, are not to be consid-
ered unprotected by law.

Printed in the Federal Republic of Germany
Printed on acid-free paper

Cover design: The drawings for the cover were
provided by Bjérn Hellbach

Typesetting K+V Fotosatz GmbH, Beerfelden
Printing betz-druck gmbh, Darmstadt
Bookbinding Litges & Dopf Buchbinderei GmbH,
Heppenheim

ISBN  3-527-30713-3



Contents

Preface XV

List of Contributors XVII

1 Cyclophynes 1
Yoshito Tobe and Motohiro Sonoda
1.1 Introduction 1
1.2 Orthocyclophynes and Related Systems 2
1.2.1 Planar Dehydrobenzoannulenes 3
1.2.2 Nonplanar Orthocyclophynes 13
1.3 Metacyclophynes and Related Systems 17
1.4 Paracyclophynes and 1,3,5-Bridged Cyclophynes 28
1.5 Concluding Remarks 35
1.6 Acknowledgement 36
1.7 References 36
2 Hetera (Cyclo-)phanes 41
Fritz Vogtle, Gregor Pawlitzki, and Uwe Hahn
2.1 Introduction 41
2.11 Selection of Topics Presented 41
2.1.2 Definitions 42
2.13 Why Conduct a Survey on Heteraphanes? 49
2.2 Heteraphanes 51
221 Planar Chiral and Helical Chiral Phanes 51

2211 Design of Phanes with Planar and Helical Chirality 51

2212 Hetera [2.2]Metacyclophanes 53

2213 Planar Chiral [2.2]Metacyclophanes 55

2214 Planar Chiral Hetera [n]Para- and Hetera [n]Metacyclophanes 56
2215 Dioxa [2.2]Phanes and Oxaza [2.2]Phanes 57

2.2.1.6 Enantiomer Separations 57
2217 Strongly Helical Heteraphanes 58
222 Catenanes, Rotaxanes, and Knotanes of the Heteraphane Type 59

2221 Template Synthesis of Rotaxanes Using Cyclophane Wheels 59



VI | Contents

2222
2223
2224

223
2.3
24
2.5

3.1

3.2
3.21
322
3.23
3.23.1
3.23.2
3233
3234
33
3.31
33.2
333
3331
3.3.3.2
3.3.33
3334
3.4

3.5

3.6
3.6.1
3.6.2
3.63
3.7

4.1
4.2
4.21
4.3
4.4
441

Higher Order [n]Rotaxanes via Non-ionic Template Effect 60
Combination of Anionic and Non-ionic Template 61

Molecular Knots and Similar Macrocycles of the Heteraphane
Type 61

Further Heteraphanes, Metallaphanes and Supramolecular Phanes
Conclusions 62

Acknowledgement 74

References 74

Highly Strained Cyclophanes 81

Takashi Tsuji

Introduction 81

[n]Metacyclophanes 81

Synthesis 81

Structures and Physical Properties 83

Reactions of Strained [n]Metacyclophanes 84
Thermal and Photochemical Reactions 84
Addition Reactions 85

Reactions with Electrophiles 86

Reactions with Nucleophiles 87
[n]Paracyclophanes 89

Synthesis 90

Structures and Physical Properties 91

Reactions of Strained [n]Paracyclophanes 92
Thermal and Photochemical Reactions 92
Reactions with Electrophiles 94

Diels-Alder and Other Reactions 94

Kinetic Stabilization of [4]Paracyclophane Systems 95
Aromaticity of Bent Benzene Rings 96
Cyclophanes containing Polycyclic Aromatic Rings:
(2,7)Pyrenophanes 96

[1.1]Paracyclophanes 98

Synthesis 99

Kinetic Stabilization of [1.1]Paracyclophane Systems 100
Structures and Physical Properties 100
References and Notes 102

Superphanes 105

Rolf Gleiter and Rolf Roers

Introduction 105

[n,]Cyclopropenonophanes 106

Synthesis 106

Superbridged Cyclopropenyliophanes 109
C4-Superphanes 109

Properties of Cyclobutadieno Superphanes 115

62



442
4.5
4.6
4.7
4.8
4.9

5.1

5.2

5.3

5.3.1
5.3.2
533
5.3.4
5.3.5
5.3.6
5.3.7

5.4
5.4.1
5.4.2
5.4.3
5.5
5.6

6.1
6.2
6.2.1
6.2.2
6.2.3
6.3
6.3.1
6.3.2
6.3.3
6.4
6.4.1
6.4.2
6.5
6.5.1
6.5.2
6.5.3

Contents

Oxidative Demetallations 116
Cs-Superphanes 117
Superbridged Benzene Rings 120
Concluding Remarks 126
Acknowledgement 127
References 127

Carbon-Bridged Ferrocenophanes 131

Joon-Seo Park and T. Randall Lee

Introduction 131

Nomenclature 132

Mononuclear Carbon-Bridged Ferrocenophanes 133
1]Ferrocenophanes 133

2]Ferrocenophanes 134

3]Ferrocenophanes 136

4]Ferrocenophanes 140

5]Ferrocenophanes 144

m]Ferrocenophanes (m>5) 146
Multiply-Bridged Mononuclear Ferrocenophanes
([m],Ferrocenophanes) 147

Multinuclear Ferrocenophanes 150
[0.0]Ferrocenophanes 150
[1"]Ferrocenophanes 151

[n"] Ferrocenophanes 153

Summary 154

References 154

[
[
[
[
[
[

Endohedral Metal Complexes of Cyclophanes 159

Rolf Gleiter, Bernhard J. Rausch, and Rolf J. Schaller

Introduction 159

Singly-Bridged Group IVB Metallocenes 160

Singly-Carbon-Bridged Group IVB Metallocenes 160
Singly-Silicon-Bridged Group IVB Metallocenes 161

Singly-Boron- and Phosphorous-Bridged Group IVB Metallocenes 162
Doubly-Bridged Group IVB Metallocenes 163
Doubly-Carbon-Bridged Group IVB Metallocenes 163
Doubly-Silicon-Bridged Group IVB Metallocenes 165

Structural Features of Doubly-Bridged Group IVB Metallocenes 166
Endohedral Group VIB and VIIIB Metal n-Complexes 168

Bridged Bis[benzene]chromium Complexes 168

Bridged Metallocenophanes of Group VIIIB Metals 170

Cavities as Hosts for Cations of Group IB, IIIA and IVA Metals 176
Endohedral Silver Complexes with Cyclophanes 176

Silver Complexes with zn-Prismands 180

Group IIIA and IVA Complexes of Cyclophanes 181

vil



vill

Contents

6.5.4
6.6
6.7
6.8

7.1
7.2
7.3
7.4

7.5
7.5

8.1
8.2
83
8.4
8.5
8.6

9.1
9.2
9.2.1
9.2.2
9.2.21
9.2.2.2
9.3
9.3.1
9.3.1.1
9.3.1.2
9.3.1.3
9.3.2
9.3.3
9.4

9.5

9.6

Group IIIA Complexes with n-Prismands 182
Concluding Remarks 184

Acknowledgments 184

References 184

Intramolecular Reactions in Cyclophanes 189

Henning Hopf

Introduction 189

Reactions between the Benzene Rings of Cyclophanes 190
The Pseudo-gem Effect 198

Intramolecular Reaction between Functional Groups

in Cyclophanes 201

Conclusions 207

References 208

Reactive Intermediates from Cyclophanes 211

Wolfram Sander

Thermolysis of [2.2]Paracyclophanes 211

Photolytical Cleavage of [2.2]Paracyclophanes 217
Cleavage of [2.2]Paracyclophanes via Electron Transfer 220
Cleavage of Cyclophanes with Unsaturated Bridges 221

Cleavage of Cyclophanes with Carbonyl Groups in the Bridge 223

References 226

X-ray Crystal Structures of Porphyrinophanes as Model Compounds for

Photoinduced Electron Transfer 229

Hermann Irngartinger and Thomas Oeser

Introduction 229

Porphyrin—-Quinone Cyclophanes 230

Double-Bridged Porphyrin—Quinone Cyclophanes 230
Single-Bridged Porphyrin—Quinone Cyclophanes 232
Phenyl-Spacered Porphyrin-Quinone Cyclophanes 232
Naphthalene-Spacered Porphyrin—-Quinone Cyclophanes 235
Porphyrin-Aromatic-Ring Cyclophanes 238

Single Bridge from Opposite meso-Positions 238

Substituted Phenyl Rings as Cyclophane Components 238
Polycyclic Aromatic Ring-Systems as Cyclophane Components
Aromatic Heterocycles as Cyclophane Components 245
Single Bridge from Opposite non-meso-Positions 248
Capped Porphyrins 249

Porphyrinophanes with Fullerene Hosts 253

Concluding Remarks 254

References 255

243



10

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.7.1
10.7.2
10.7.3
10.8

11

11.1
11.2

11.3
11.4
11.4.1
11.4.2
11.4.3
11.5
11.6
11.6.1
11.6.2
11.7
11.8
11.9
11.10
11.10.1
11.10.2
11.10.3
11.10.4

11.10.5

11.11

12

12.1
12.2

Contents

Ultraviolet Photoelectron Spectra of Cyclophanes
Heidi M. Muchall 259

Introduction 259

[2.2]Paracyclophane 263

Modified Bridges in [2.2]Paracyclophane 265
Conjugating Substituents in [2.2]Paracyclophane 266
Donor—Acceptor Cyclophanes 268
Heterocyclophanes 270

Miscellaneous Compounds 270

[6]Phanes with Higher Aromatic Systems 270
Cyclopropenophanes 271
Metacyclophanediynes 272

References 273

UV/Vis Spectra of Cyclophanes 275

Paul Rademacher

Introduction 275

Characteristic Properties of Cyclophanes with Implications
for their Electronic Spectra 275

[n]Cyclophanes 277

[m.n]Paracyclophanes 279

[1.1]Paracyclophane 279

[2.2]Paracyclophane 280

[m.n]Paracyclophanes 284

Multibridged [2,]Cyclophanes and Related Compounds 285
[m.n]Arenophanes 288

[m.n]Naphthalenophanes 288

[n.n]Pyrenophanes 289

Fluorinated Cyclophanes 290

Heterocyclophanes 290

Multi-layered Cyclophanes 297

Donor—Acceptor Cyclophanes 298

Donor—Acceptor Substituted [n.n]Paracyclophanes 298
[n.n]Paracyclophane Quinhydrones 300
[n.n]Metacyclophane Quinhydrones 303
Oligooxa[m.n|paracyclophane Quinhydrones

and Related Compounds 304

Donor—Acceptor Substituted [n.n]Cyclophanes with Extensive
n-Electron Systems 305

References 307

Electronic Circular Dichroism of Cyclophanes 311
Stefan Grimme and Arnold Bahlmann
Introduction 311

Theoretical Methods 312



X'| Contents

12.3 Excited States of Model Compounds 314

12.3.1 Boat-type Deformation in Benzene 314

12.3.2 Interacting Benzene Fragments 319

12.4 Theoretical and Experimental CD Spectra of Cyclophanes 323
12.4.1 [n]Cyclophanes 323

12.4.1.1  9,12-Dimethyl-4-oxa[7]paracyclophane 323

12.4.1.2  [6]Paracyclophane-8-carboxylic Acid 324

12.4.2 [2.2]Paracyclophanes 325

12.4.2.1  [2.2]Paracyclophane 325

12.4.2.2  4-Fluoro-[2.2]paracyclophane 327

12.4.2.3  4-Methyl[2.2]paracyclophane 329

12.4.3 [2.2]Metacyclophanes 331

12.4.3.1  1-Thia[2.2]metacyclophane 331

12.4.3.2  1-Thia-10-aza[2.2]metacyclophane 332

12.4.4 Cyclophanes with Two Different Aromatic Rings 333
12.4.4.1  14,17-Dimethyl[2](1,3)azuleno[2]paracyclophane 333
12.5 Conclusions 334

12.6 Acknowledgement 335

12.7 References 335

13 Fully Conjugated Beltenes (Belt-Like and Tubular Aromatics) 337
Rainer Herges

13.1 Introduction 337

13.2 Approaches Towards Fully-Conjugated Beltenes 341

13.3 Belt-like Benzoannulenes (8) 342

13.4 [0,]Paracyclophanes 7 344

13.5 Mobius Belts 354

13.6 Conjugated Belts from Fullerenes 355

13.7 References 356

14 Molecular Electrochemistry of Cyclophanes 359
Bernd Speiser

14.1 Introduction 359

14.1.1 Electron Transfer and Molecular Electrochemistry 359

14.1.2 Molecular Electrochemistry of Cyclophanes 359
14.1.3 Methods of Molecular Electrochemistry 360

14.2 Molecular Electrochemistry of Hydrocarbon Cyclophanes 361

14.3 Molecular Electrochemistry of Functionalized Cyclophanes 363
14.3.1 Substituted Cyclophanes 363

14.3.2 Cyclophanes with Non-metallic Heteroatoms as Ring Members 364
14.4 Molecular Electrochemistry of Organometallic Cyclophane

Derivatives 367

14.4.1 A Possible Classification of Organometallic Cyclophane
Derivatives 367

14.4.2 Metallocenophanes and Metallametallocenophanes 367



14.4.3
14.4.4
14.5
14.6

15

15.1
15.2
15.2.1
15.2.2
15.2.3
15.3
15.4
15.5
15.6
15.7
15.8
15.9

16

16.1
16.2
16.2.1
16.2.1.1
16.2.1.2
16.2.1.3
16.2.1.4
16.2.2
16.2.3
16.2.4
16.3
16.3.1
16.3.2
16.3.2.1
16.3.2.2
16.3.2.3
16.3.2.4
16.4
16.4.1
16.4.2
16.5

Contents

Cyclophanes as n-Complex Ligands 370
Cyclophanes as Supramolecular Components 374
Conclusions 376

References 376

NMR Spectra of Cyclophanes 381
Ludger Ernst and Kerstin Ibrom
Introduction and Scope 381
[n]Phanes 382
[n]Metacyclophanes 382
[n]Paracyclophanes 385
Other [n]Phanes 387
[2.2]Phanes 389

[3.3]Phanes 396

[m.n]Phanes (m>2, n>2) 400
[m,|Phanes 406

Other Phanes 409
Conclusion 412

References 412

Strained Heteroatom-Bridged Metallocenophanes 415

Ian Manners and UIf Vogel

Introduction 415

Synthesis and Structure 416

[1]Ferrocenophanes 416

Group 13 Bridged [1]Ferrocenophanes 417

Group 14 Bridged [1]Ferrocenophanes 417

Group 15 Bridged [1]Ferrocenophanes 419

Group 16 Bridged [1]Ferrocenophanes 419

Other [1]Metallocenophanes 419

[2]Ferrocenophanes 420

Other [2]Metallocenophanes 422

Ring-Opening Polymerization of Strained Ferrocenophanes 422
Stoichiometric Insertion and Ring-Opening Reactions 422
Ring-Opening Polymerizations (ROP) 423

Thermal ROP 423

Living Anionic ROP of Silicon-Bridged [1]Ferrocenophanes 424
Transition Metal-Catalyzed ROP of [1]Ferrocenophanes 425
Other Initiation Methods for ROP 426

Properties and Applications of Ring-Opened Polyferrocenes 426
Polyferrocenylsilanes 426

Other Polymetallocenes via ROP 430

References 431

Xl



X

Contents

17

171
17.2

17.3

17.4
17.5
17.5.1
17.5.2
17.5.3
17.6

17.7

17.8
17.9

18

18.1
18.2
18.3
18.4

18.4.1
18.4.2
18.4.3
18.4.4
18.5
18.6

19

19.1
19.1.1

19.2
19.3
19.3.1
19.4
19.4.1
19.5

Cyclophanes as Templates in Stereoselective Synthesis 435
Valeria Rozenberg, Elena Sergeeva, and Henning Hopf
Introduction 435

Chiral [2.2]Paracyclophanes: Nomenclature and Stereochemical
Assignment 435

The Resolution of Representative Mono- and Disubstituted
[2.2]Paracyclophanes 437

Monosubstituted [2.2]Paracyclophanes as Chiral Inductors 437
Disubstituted [2.2]Paracyclophanes as Chiral Inductors 440
Ortho- and syn-latero-Substituted Derivatives 440
Pseudo-ortho-Derivatives 449

Pseudo-gem-Derivatives 452

Chiral Templates from Substituted [2.2]Paracyclophanes

as Building Blocks 454

Stereoselective Reactions in the Side Chain of the Paracyclophanyl
Moiety 457

Concluding Remarks 458

References 459

Vapor-Based Polymerization of Functionalized [2.2]Paracyclophanes:

A Unique Approach towards Surface-Engineered Microenvironments 463
Doris Klee, Norbert Weiss, and J6érg Lahann

Introduction 463

Synthesis of Functionalized [2.2]Paracyclophanes 464

CVD Polymerization of Functionalized [2.2]Paracyclophanes 466
Immobilization of Bioactive Substances via Functionalized
Poly(p-xylylenes) 472

Introduction 472

Surfaces for Blood Contact 475

Surfaces for Tissue Contact 476

Surface Engineering of Microfluidic Devices 478

Conclusions 481

References 482

From Cyclophanes to Molecular Machines 485

Amar H. Flood, Yi Liu, and ]. Fraser Stoddart

Introduction 485

Control over the Location and Motion of Moving Parts in Molecular
Machines 485

The Creation of the Tetracationic Cyclophane 486
Host-Guest Chemistry with the Tetracationic Cyclophane 488
Location Control: Host-Guest Chemistry 488

Catenane Chemistry with the Tetracationic Cyclophane 492
Going for Gold — The Story of Olympiadane 495

Rotaxane Chemistry with the Tetracationic Cyclophane 497



19.5.1
19.6
19.6.1
19.6.2
19.6.3
19.6.4
19.6.5
19.7
19.7.1
19.7.2
19.7.3
19.7.4
19.8
19.9
19.10

20

20.1
20.2
20.2.1
20.2.2

20.2.3

20.2.4

20.3
20.3.1

20.3.2
20.3.3

20.4
20.5
20.6
20.7
20.8

Contents

Location Control — Catenanes and Rotaxanes 499
Switchable Rotaxanes, Catenanes and Pseudorotaxanes 499
Controllable Molecular Shuttles 500

Switchable Catenanes 502

Switchable Rotaxanes 503

Photochemically Switchable Pseudorotaxanes 503
Control of Motion 504

Electronic Devices Containing Molecular Switches 505
A [2]Catenane-Based Electronic Device 506

Bistable [2]Rotaxane Electronic Devices 508

Memory Devices 510

Miniaturization of the Crossbar 510

Mechanical Devices with Molecular Machines 513
Conclusions 515

References 516

Molecular Recognition Studies with Cyclophane Receptors

in Aqueous Solutions 519

Frangois Diederich

Introduction 519

Complexation of Aromatic Solutes 520

Polar Effects in Cyclophane Complexation 520

Complexation of Polycyclic Aromatic Hydrocarbons (PAHs)

in Water 521

The Combination of Apolar Binding and Ion Pairing Leads

to Very High Substrate Selectivity 523

Solvent Dependency of Cyclophane-Arene Complexation

and the Nonclassical Hydrophobic Effect: Enthalpic Driving Forces
in Aqueous Solution 525

Steroid Recognition by Cyclophane Receptors 527

The Search for Cyclophanes with Larger Preorganized Cavity-Binding
Sites 527

Steroid Complexation by Cyclophanes 9 and 10 529
Double-decker Cyclophanes for Efficient Steroid Complexation:
Dissolution of Cholesterol in Water 533

Catalytic Cyclophanes 536

Dendritically Encapsulated Cyclophanes (Dendrophanes) 541
Conclusions 543

Acknowledgments 543

References 544

Subject Index 547

Xl






Preface

[2.2]Paracyclophane, first prepared in 1949 by Brown and Farthing and then sys-
tematically investigated by Cram and his co-workers from 1951 onward, is now a
molecule with a history spanning half a century. A history, however, as confirmed
inter alia by this monograph, that is not only active and living, but also increas-
ingly extending into novel fields and applications. This is rare for any organic
compound and certainly rare for hydrocarbons (excluding such household chemi-
cals such as natural gas and gasoline).

So, what are the reasons for this unabated interest?

The first reason was already obvious to the pioneer workers in this area: The in-
teraction between layered 7-systems combined with an unusual three-dimensional
structure. Indeed, most of the early studies in cyclophane chemistry were con-
nected to the problem of the “bent and battered benzene rings” (so the title of a
classical review article by Cram) and the consequence this structural feature had
on the chemical behavior of the cyclophanes. Obviously, the distance between the
aromatic subunits (the “decks”) could be altered by changing the nature of the
molecular bridges, and one can say that this classical period of cyclophane chem-
istry culminated in the preparation of superphane by Boekelheide and certainly
with the preparation of [1.1]paracyclophane by Tsuji.

What — secondly — had become more and more obvious during these studies
was the realization of what may be called the “phane concept’. Just as benzene is
the epitome of a planar (flat) aromatic molecule, [2.2]paracyclophane is the exam-
ple par excellence of a three-dimensional aromatic molecule. Not only did leaving
the n-plane lead to the realization that a new, widely variable class of chiral mole-
cules had become available — with all the effects on, for example, stereoselective
synthesis — but the bridged aromatic concept could be connected effortlessly to
the simultaneously evolving areas of crown ether, cryptand, cavitand, and supra-
molecular chemistry. To put it another way: numerous supramolecular structures
are cyclophanes (and it may be added in passing that — viewed from this angle —
there is also a huge group of naturally occurring cyclophanes).

Thirdly, the zwitter character of the cyclophanes became evident during this per-
iod. Whereas, for example, adamantane or cubane are only aliphatic molecules,
and benzene or the condensed aromatic systems or even the fullerenes are only
(highly) unsaturated compounds, the cyclophanes are both: aromatics and aliphat-

XV
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Preface

ics (as already indicated by the euphonious name), making the use of both types
of chemistries applicable. As far as the aromatic part of the cyclophanes is con-
cerned, this not only meant the application of the typical reactions of classical aro-
matic chemistry to these compounds, but also the preparation of reactive inter-
mediates derived from the aromatic rings: radical cations, radical anions, etc.
Furthermore there was also the unique possibility of combining cyclophane chem-
istry with the archetypical layered inorganic chemistry, as exemplified by the clas-
sics ferrocene and dibenzene chromium. The cyclophanes, however, offer the ad-
ditional topologically interesting and important possibility of bonding the metal to
the interior or the exterior of the organic ligand. Incidentally, the chemical behav-
ior of the molecular bridges in cyclophanes has not been studied to the same ex-
tent as the reactivity of the aromatic subunits.

Finally, the crucial test for the significance of a molecular assembly is its practi-
cal application. After all, if the properties of a chemical compound are really “in-
teresting”, there must also be practical, industrial applications. With the increased
use of cyclophanes as monomers for the preparation of new polymers by CVD
techniques with unusual and characteristic properties, polymers not just of impor-
tance as chemically very stable surfaces, e.g. for printed circuits, but also as new
materials for medical application and drug delivery, cyclophanes are finding more
and more applications in materials science. Together with their use in all kinds of
optical devices, and as ligands in stereoselective synthesis, we are observing a very
rich field developing here.

It is our aim with this volume to show these different developments in cyclo-
phane chemistry. That we succeeded was, of course, only possible because we
found a group of excellent contributors and cyclophane specialists willing to give
us their time and share their knowledge. As far as the practical side is concerned,
we are very grateful to Drs. Gudrun Walter, Bettina Bems from Wiley/VCH, Mary
Korndorffer for copy editing and Petra Krimer and C. Mlynek for drawing the nu-
merous and often very complex structures.

We dedicate this volume to the memory of Donald Cram and Virgil Boekel-
heide.

Heidelberg/Braunschweig Rolf Gleiter
April 2004 Henning Hopf
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1
Cyclophynes

Yoshito Tobe and Motohiro Sonoda

1.1
Introduction

The chemistry of cyclophynes having carbon—carbon triple bond bridges has been
one of the most actively investigated fields in modern cyclophane chemistry, par-
ticularly in connection with the evolving fields of carbon-rich materials and shape-
persistent macrocyclic compounds. In accordance with the remarkable progress in
this field over the last decade, a number of reviews has already been published
based on the authors’ own perspectives [1-9]. Since, in this review, the authors
wish to provide a comprehensive survey of cyclophyne chemistry, some overlaps
are inevitable.

The properties of cyclophynes are characterized by the geometric and electronic
properties of triple bonds and the substitution pattern of the aromatic rings. With
regard to the geometrical properties, the macrocyclic frameworks of cyclophynes
can be expanded by incorporation of triple bonds because of their linearity. The
substitution pattern of the aromatic rings, on the other hand, fixes the direction
of the bridging triple bonds, defining the whole molecular shape. As a result, a
variety of two- and three-dimensional architectures can be built by connecting aro-
matic rings with triple bond linkages. The ortho substitution pattern would lead
to conjugated cyclophynes, also regarded as dehydrobenzoannulenes (DBAs), with
either planar or nonplanar shape depending principally on their ring size.
Although planar DBAs had been studied extensively during the late 1950s
through mid-1970s in connection with the aromaticity/antiaromaticity of annu-
lenes, these are currently being investigated with renewed interest regarding their
potential as opto-electronic materials. On the other hand, nonplanar macrocycles
of this type have been studied with regard to their conformation, chirality, and
their potential application to liquid crystalline and sensing materials. Some highly
unsaturated members of this type of compound have been shown to serve as pre-
cursors of ordered carbon materials. Since the meta substitution pattern would
make the size of the cyclophynes larger than the ortho analogs, keeping the pla-
narity of the macrocyclic rings, a number of shape-persistent metacyclophynes
have been synthesized in order to investigate their supramolecular properties
such as guest-binding and self-association in solution, solid state, and at solid-liq-
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uid and air-liquid interfaces. To form cyclic structures of para substitution pat-
tern, macrocycles adopt a cylindrical shape, and with 1,3,5-trisubstitution, a cage-
like structure can be constructed. These three-dimensional molecules have been
studied in view of the host-guest chemistry of curved n-systems, strain of triple
bonds, and their transformation into all-carbon molecules.

Concerning the electronic properties of C-C triple bonds, acetylene linkages are
capable of transmitting electronic perturbation efficiently from one end of conju-
gated 7n-systems to the other because of the isotropic distribution of the n elec-
trons along the C—C axis. This characteristic is responsible for the unique opto-
electronic properties predicted for planar cyclic compounds like DBAs. Because
C-C triple bonds have a high energy content, it is well known that structurally un-
hindered alkynes react violently, frequently with explosion. Similarly, diynes are
known to undergo topochemical polymerization to form poly(butadiyne)s, poten-
tial materials with nonlinear optical properties. The high potential of the triple
bonds toward spontaneous chemical reactions has been exploited to provide the
transformation of some cyclophynes into all-carbon and carbon-rich materials. In
addition, because triple bonds serve as good ligands for transition metals, a num-
ber of metal complexes of cyclophynes with unique structures has been readily
prepared.

Besides the interest from materials science, recent development of new syn-
thetic methods, particularly those based on transition metal-catalyzed bond forma-
tion between sp-sp” and sp-sp carbons, have been playing a crucial role in the
rapid growth of this field. This chapter covers the recent development of the two-
and three-dimensionally shaped cyclophynes from the above points of view. For
convenience, the molecules are classified into three types: (1) orthocyclophynes
with either planar or nonplanar shape; (2) metacyclophynes; and (3) paracyclo-
phynes and 1,3,5-bridged cyclophynes, on the basis of the substitution pattern.
Those compounds with mixed substitution pattern such as ortho, para and meta,
para are included in one of the above three types depending on their most charac-
teristic structural and/or functional properties.

1.2
Orthocyclophynes and Related Systems

Fully conjugated planar orthocyclophynes are regarded as dehydrobenzoannulenes
(DBAs) [2, 3, 4, 6]. 12-, 14- and 18-membered macrocycles of this type are investi-
gated intensively in connection with their opto-electronic properties, theoretical
and experimental inspection of aromaticity, and as substructures of hitherto un-
known two-dimensional carbon networks, graphyne and graphdiyne [9]. On the
other hand, since the macrocyclic frameworks of larger orthocyclophynes are non-
planar, these molecules are investigated in view of their structure and the chirality
of twisted n-systems [7]. In addition, highly unsaturated compounds of this class
are studied as possible precursors to nanocarbon materials such as carbon onions
and tubes.
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Graphyne

Fig. 1.1 Graphdiyne

1.2.1
Planar Dehydrobenzoannulenes

It was predicted that the two-dimensional carbon network, graphyne, would exhibit
semiconductive and nonlinear optical properties [10]. Recent calculations from first
principles confirmed that graphyne should be a semiconductor with a moderate
band gap and should be quite stable once synthesized [11]. It was predicted that po-
tassium-intercalated graphyne would become metallic with a remarkably short dis-
tance (4.30 A when each 12-membered ring holds a potassium atom) between the
intercalant layers [12]. In connection with the nonlinear optical properties of gra-
phyne, hyperpolarizabilities of ladder oligomers of dehydrobenzo[l12]annulene
((12]DBA) have been estimated, based on semiempirical calculations, indicating
that these can be promising third-order nonlinear optical materials [13]. Force field
calculations for networks related to graphdiyne revealed that they would exhibit neg-
ative Poisson's ratios, an unusual mechanical property caused by the rotation of tri-
angles [14].

Most cyclophynes were synthesized by using the Stephens-Castro and Sonoga-
shira reactions for the C(sp*)—~C(sp) bond formation or copper(II)-mediated oxida-
tive coupling for C(sp)—C(sp) bond formation. Remarkable improvements in the
synthesis of cyclophynes have been achieved as exemplified by the synthesis of
the known [12]DBA 1a. These include (1) the Stephens-Castro reaction of the pre-
formed copper(I) acetylide [15]; (2) one-step synthesis by the Sonogashira coupling
using acetylene [16]; (3) selective construction of the 12-membered ring based on
a masking/protection protocol for both aryl iodide using dialkyltriazene group and
alkyne terminal using trialkylsilyl groups [17]; and (4) the alkyne metathesis meth-
od [18], which has been developed recently (Scheme 1.1). The first two methods
were also utilized for the synthesis of thiophene analogs 2a [16] and 3 [19]. By
stepwise construction of the requisite precursor followed by intramolecular Sono-
gashira coupling, Haley synthesized bisDBAs 4 and 5a [17]. An another derivative
of the latter compound 5b was also prepared by an in situ deprotection—cycliza-
tion method to prove the theoretical prediction for hyperpolarizability of this sys-
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tem (Scheme 1.2) [20]. Not only the parent hydrocarbon 1a but also a number of
its derivatives 1b—d have been prepared by the metathesis method, except for
those with substituents adjacent to the alkyne bridges. Similarly, the metathesis
method was applied to the synthesis of bisDBA 4 and orthometacyclophyne 6 [18].

Since the late 1980s, Youngs and Tessier have been developing new frontiers in
the chemistry of the [12]DBA system [6]. A number of transition metal complexes
of 1a were prepared such as Co(0), Cu(I), Ag(I), and Ni(0) complexes [21]. Signifi-
cantly among these metal complexes, the Ni(0) complex becomes semiconductive
[22]. For example, the Ni(0) complex doped with potassium [2.2.2]cryptate (1:2 ra-
tio) exhibits conductivity of a moderate semiconductor regime (2x107S cm™).
The hexamethoxy derivative 1g, hexa-alkoxy derivatives 1e—f having long alkyl
chains, and their Ni(0) complexes were also prepared, as well as the quinone 7
and thiophene derivatives 2b—c [23]. In spite of the expectation based on their
structural similarities to hexasubstituted triphenylene derivatives, DBAs 1e—f and
2b—c with long alkyl chains did not exhibit liquid crystalline properties.

A dihydro derivative of 1a, cyclophanediyne 8, was prepared by Iyoda et al.
using modified McMurry coupling conditions, followed by dehydroxylation [24].
Although the X-ray structure analysis of 8 revealed its short transannular distance
(the shortest C(sp)-C(sp) distance: 2.77 A), it was inert to photoirradiation. On the
other hand, heating 8 at 250°C in the presence of cyclohexa-1,4-diene resulted in
the formation of dibenzonaphthocyclooctatetraene, a product of the Bergman cy-
clization. The corresponding transannular distances of the oxygen- and sulfur-
bridged diynes 9a and 9b, respectively, are longer than that of 8 (3.44 and 3.50 A,
respectively), and it is reported that these compounds are inert to thermal and
photochemical cyclization [25].

Hexa-ethynyl derivatives 1i—j were prepared as the key intermediates for the
synthesis of antikekulene 12, an antiaromatic counterpart of kekulene [26]. Thus

5
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the first intramolecular CpCo-catalyzed cyclotrimerization of 11 and 1j yielded the
triphenylene-based cyclophynes 10a and 10b, respectively, whose second cycloiso-
merization furnished the corresponding pentaphenylene-based cyclophynes 11a
and 11b (Scheme 1.3). The final cyclization to the target 12 is yet to be realized.
Besides this spectacular synthetic endeavor, the parent hydrocarbon 1h was found
to form crystals with highly organized channels including tetrahydrofuran in-
duced by multiple alkyne C-H...O hydrogen bonds [27].

Perethynyl-substituted dibenzodehydro[12]annulene 13a was prepared by Rubin
et al. by oxidative coupling of a differentially substituted hexa-ethynylbenzene
derivative [28]. Hydrocarbon 13a can be regarded as a constituent unit of a two-di-
mensional network with different topology from that of graphdiyne and as a
monomer of ladder polymers constructed from the dibenzodehydro[12]annulene
ring, called acynes. In this connection, Anthony prepared tetra-ethynyl-substituted
[14]DBA 14 having acenaphthene units as a possible monomer unit of the related
ladder polymers [29]. In connection with the topochemical polymerization of buta-
diynes, Komatsu et al. prepared octafluoro[12]DBA 13 ¢, whose reduction potential
was more negative than that of the parent hydrocarbon 13b [30]. In the two crys-
tal forms of 13 ¢, the molecules are stacked in a slanted manner, while in the co-
crystal of 13b and 13c¢ (1:2), the molecules are stacked in a columnar arrange-
ment forming a sandwich-like complex. In spite of the favorable packing geome-
tries for topochemical polymerization, none of the crystals underwent photochem-
ical polymerization, probably because of the high potential energy of the polymer-
ization product.

As a quantitative measure of aromaticity of DBAs, the nuclear independent
chemical shift (NICS) values at the center of the macrocyclic ring of 1a, as well as

1iR=Pr 10a R="Pr
1j R = CHoHex® CpCo(CO)y, hv, A l 10b R = CH,Hex®

12 11aR="Pr
Scheme 1.3 11b R = CHyHex®



1.2 Orthocyclophynes and Related Systems

R R i g siPr
Z S PrisSi L]
RO G * SR+ aun 20 of
R R C _ )
R~ R A )== NS
Pr'sSi SiPry
13a R = C=CBu’
13bR=H 14
13cR=F
Fig. 1.3

those for [14Jannulene 15, [16]Jannulene 16, and [18]annulene 17a, were estimated
by the DFT method, indicating that 1a and 16 are moderately antiaromatic while
15 and 17a are weakly aromatic [31]. Similarly we can predict that highly strained
[10jJannulene 18 is fully aromatic [31c]. In order to investigate the effect of strain
on the tropicity of DBA rings, tetrakisdehydro[12]annulene 19 was generated by
photochemical [2+2] fragmentation of the propellane precursor 20 in an argon ma-
trix at low temperature and was characterized by comparison of UV and IR spectra
with those calculated by the DFT method (Scheme 1.4) [32]. Unfortunately, since the
[12]annulene system 19 was too reactive to observe its tropicity in solution, the next
higher homolog 21 was produced by the same method from the homologous precur-
sor 22. The calculated "H NMR chemical shift by the DFT method and experimental
observations revealed that strained pentakisdehydro[14]annulene 21 was as diatropic
as the corresponding tetrakisdehydro derivative 22.

Interestingly, the 14-membered DBA ([14]DBA) 15 underwent topochemical po-
lymerization induced by photoirradiation or by applying pressure (20000 psi) [33].
From the packing diagram of the crystal, trans—trans geometry of the polymer
chain was suggested. This represents the first example of the topochemical poly-
merization of a conjugated cyclic diyne derivative, although the reactions of acy-
clic butadiyne derivatives have been well known to form poly(butadiyne)s, which
are known to exhibit interesting optical properties. In connection with the theoret-
ical prediction regarding the tropicity of dehydrobenzo[l4]annulenes, Haley pre-
pared a number of monobenzo, dibenzo, and monothiopheno derivatives such as
23-27 and studied their diatropicities based on the "H NMR chemical shifts [34].
As a result, fusion of a benzene ring to the dehydro[14]Jannulene ring induces
stepwise loss of aromaticity with increasing number of the fused rings. The rela-
tive aromaticity (RA) was defined by the chemical shifts relative to those of a non-
conjugated reference compound. The experimental RA.: values are in accord
with the theoretical values (RAnics) derived from the calculated NICS values. To
further confirm the aromaticity of the [14]annulene system, hybrid systems 28
and 29 formed by fusion of the [14]DBA ring to dimethyldihydropyrene (DHP)
unit were prepared [35]. The chemical shift of the probe methyl group in the
DHP system of mono-DBA-fused compound 28 was compared with appropriate
references. However, the effect of benzoannelation on aromaticity of the [14]DBA
ring is not conclusive probably because of the small chemical shift change. Bis-
DBA fused system 29 cannot be used for the examination of aromaticity because

7
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the effect of one DBA unit on the DHP probe should counteract that of the other
DBA. Since Mitchell et al. developed reversible photochemical isomerization of
fused DHPs with the corresponding [2.2Jmetacyclophane systems, the isomeriza-
tion of 29 was examined, because its absorption band extended to 600-800 nm re-
gion, which may be used as “read out” without scrambling of information. How-
ever, photochemical isomerization was not successful because the cyclophane
form reverts very easily to the starting material 29. A hybrid system 30 between
[14]DBA 15 and [2.2]paracyclophane was synthesized in order to investigate the
global transannular delocalization through the overall = system [36]. By compari-
son of the UV absorption with those of appropriate acyclic reference compounds,
it was concluded that 30 sustained n-electron delocalization through the circuit
composed of the DBA and [2.2]paracyclophane systems.



